ABSTRACT: BMI1 oncogene is a catalytic member of epigenetic repressor polycomb group proteins. It plays a critical role in the regulation of gene expression pattern and consequently several cellular processes during development, including cell cycle progression, senescence, aging, apoptosis, angiogenesis, and importantly self-renewal of adult stem cells of several lineages. Preponderance of evidences indicates that deregulated expression of PcG protein BMI1 is associated with several human malignancies, cancer stem cell maintenance, and propagation. Importantly, overexpression of BMI1 correlates with therapy failure in cancer patients and tumor relapse. This review discusses the diverse mode of BMI1 regulation at transcriptional, posttranscriptional, and posttranslational levels as well as at various critical signaling pathways regulated by BMI1 activity. Furthermore, this review highlights the role of BMI1 as a biomarker and therapeutic target for several subtypes of hematologic malignancies and the importance to target this biomarker for therapeutic applications.
Introduction
Embryonic development requires cell fate decision governed by regulated gene expression pattern. 1 These gene expression patterns are largely regulated by reprogrammable epigenetic regulatory mechanisms that control the local chromatin conformation. 2 The repeated specific pattern of gene expression established by epigenetic machinery during multiple rounds of cell division establishes cellular identity. Epigenetic regulation is significantly achieved by modulating nucleosome dynamics through histone tail modifications. The major molecular machines that dictate gene expression pattern through histone tail modification and chromatin modulations are global epigenetic modifiers, such as trithorax group (TrxG) and polycomb group (PcG) proteins, which trigger transcriptional activation and repression of target gene, respectively. 3 The counteracting activities of TrxG and PcG proteins regulate chromatin dynamics and gene expression cascade to retain cellular memory throughout the life of the organism. An imbalance in this dynamics has been associated with compromised gene expression pattern as well as with an increased risk of cancer. [3] [4] [5] In this regard, several studies corroborate the dysregulation of PcG proteins as a diagnostic and prognostic marker of several types of cancer, including hematologic malignancies. 6 PcG proteins form primarily two large multisubunit polycomb-repressive complexes (PRCs), namely, PRC1 and PRC2. These complexes in association with other epigenetic markers establish target gene repression through histone tail posttranslational modifications. [7] [8] [9] For each complex, there are defined core subunits responsible for the bonafide activity of the complex and some variable subunits that plausibly dictate the identity of the target gene in a lineage-and contextdependent manner. [10] [11] [12] Generally, PRC2 initiates histone tail modification by mono-, di-, and trimethylation of histone 3 at lysine 27 (H3K27me) residue with the help of its catalytic subunit enhancer of zeste homolog 2 (EZH2) methyl transferase enzyme, and this modification promotes the recruitment of PRC1 through its chromodomain-binding proteins, which then recognizes the H3K27me marker established by PRC2. 7, 13 PRC1 is composed of RING1A/B, PH1, PH2, CBX2, 4, 6, 7, and 8, and many other variable subunits. This composition varies depending on the lineage of cells, and how the diverse composition impacts target gene identification for a specific cell types is a pending conundrum that needs further research.
14,15 PRC1 catalyzes monoubiquitination of histone 2A at lysine 119 residue (H2AK119ub) to maintain target gene repression with the help of its catalytic subunit RING1A/B, which is an E3 ligase. RING1A/B protein activity is significantly enhanced by its association with another PRC1 component BMI1 (B-cell specific moloney murine leukemia virus integration region 1). BMI1 was essentially identified as a cMyc proto-oncogene, which cooperates with cMyc in oncogenesis of murine B-cell lymphoma.
16 BMI1-directed PRC1 activity is counterbalanced by selective H2AK119 deubiquitination mediated by ubiquitin-specific protease (USP16).
Emerging studies establish that BMI1 has important function as a diagnostic and prognostic biomarker of several lineages of cancer, including hematologic malignancies. [18] [19] [20] [21] [22] This review summarizes the role of BMI1 as a biomarker of hematologic malignancies, the regulatory mechanism that controls BMI1 expression and cellular pathways that are perturbed by aberrant expression and activity of BMI1 leading to oncogenic transformations.
BMI1 Gene and Protein Structure
The human Bmi1 gene, composed of 10 exons and 9 introns, is localized on the short arm of chromosome 10 (10p11.23) and encodes 37 kDa protein composed of 326 amino acids.
23 BMI1 protein structure is highly evolutionarily conserved and possesses significant homology with another PcG protein Mel 18, a transcriptional repressor of Bmi1 gene. 24, 25 BMI1 and Mel18 share 65% amino acid identify. Both proteins possess similar arrangement of protein domains, including N-terminal RING finger domain and C-terminal helix-turn-helix and prolinerich domains. Furthermore, proteomic analysis of interactome composition of these two proteins suggests that they interact with a similar repertoire of proteins. 25 However, in PRC1, they exhibit strikingly opposite function, including negative regulation of BMI1 by Mel18 and consequently promoting senescent phenotype. 26, 27 BMI1 protein has several defined domains and motifs, including N-terminal RING finger domain (RF), a central helix-turn-helix (HTH) domain, a carboxyl terminal PEST-like domain, and two nuclear localization signals KRRR and KRMK.
28 Figure 1 elucidates Bmi1 gene and BMI1 protein structure. The RF domain of BMI1 is required for its association with RING1B E3 ligase, a catalytic component of PRC1, to activate PRC1 activity. 29 The RF and HTH domains are important for BMI1 localization at DNA strand break and crucial for the recruitment of DNA damage repair machinery, prevention of cellular senescence, and cancer cell survival. [30] [31] [32] The C-terminal PEST domain is rich in proline (P), glutamic acid (E), serine (S), and threonine (T) and is critical for BMI1 protein turnover. We have previously demonstrated that deletion of PEST domain prevents BMI1 degradation and promotes its oncogenic potential, including epithelial-to-mesenchymal transition (EMT).
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BMI1 Expression and Regulation
BMI1 is expressed ubiquitously in almost all types of tissues. However, its expression levels are high in brain, lungs, thymus, kidney, gonads, salivary glands, placenta, blood, bone marrow, and stem cells of several lineages. 33 It is overexpressed in several cancer subtypes and serves as a biomarker for these cancer types. BMI1 plays a critical role in cellular physiology and hence the transcript and protein levels of BMI1 are tightly regulated in diverse cell types. For the past several years, many investigators are trying to understand the regulation of BMI1 at transcriptional, posttranscriptional, and posttranslational levels. However, the comprehensive knowledge on BMI1 regulation by different mechanisms is still scarce.
Transcriptional regulation. Bmi1 gene expression is regulated by the number of transcription factors in a contextand lineage-dependent manner. BMI1 expression is positively regulated by transcription factor Sp1, Twist1, FoxM1, ZEB1, E2F1, SALL4, Myc-N, c-Myc, and HDACs, whereas its expression is negatively regulated by Mel18, Nanog, and KLF4. 26, 27, [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] E2F-1, Myc-N, and c-Myc trans-activates BMI1 by binding to its promoter and thus upregulating its expression in neuroblastoma cells. 34, 38 Similarly, SALL4 and Sp1 transcription factors bind to a specific region of the BMI1 promoter and upregulate its expression in normal and malignant cells of leukemic stem and nasopharyngeal origin, respectively. 39, 40 We have shown that HDAC inhibitor downregulates BMI1 expression in breast epithelial and breast cancer cells, suggesting that HDACs positively regulate BMI1 expression. 37 Furthermore, forkhead box transcription factor, FOXM1, positively regulates BMI1 expression in neuroblastoma cells. 36 Twist1 and Zeb1 are EMT markers and positively regulate BMI1 expression to maintain stemness of the cell and EMT in head and neck cancer. Twist 1 directly regulates BMI1 expression by regulating its transcription, whereas ZEB1 indirectly regulates BMI1 expression by repressing microRNA (miRNA) 200, an inhibitor of BMI1. 21, 35, 42, 44 Furthermore, BMI1 is also repressed by Nanog in embryonic stem cells.
43
Posttranscriptional regulation of mRNA. Gene expression is regulated at different levels, including regulation of mRNA activity after synthesis. This regulation may operate at the level of RNA processing for maturation, its transport to correct subcellular localization, its stability and finally translation of its coded information in to protein. These regulations occur through interaction of cellular factors with mRNA sequence elements located within 5′-and 3′-untranslated regions of unprocessed mRNA, including secondary structures, internal ribosome entry sites, and poly-A tail. The posttranscriptional regulations are also achieved through the activity of target-specific microRNA expression. The miRNAs are short 21-23 nucleotide RNA sequences that control the level of expression of target gene through controlling transcription as well as mRNA stability. Several miRNAs are implicated in the regulation of BMI1 expression. Deregulation of BMI1 associated miRNA can be exploited as a biomarker of cancer progression (Table 1) .
Posttranslational regulation of BMI1 protein.
Posttranslational regulations can be of two types: (1) reversible regulation and (2) irreversible regulations. The reversible regulation can be achieved through posttranslational modification, whereas irreversible regulation is achieved through protein degradation majorly operated by ubiquitin proteasome system (UPS). The reversible protein modifications such as acetylation, phosphorylation, sumoylation, or ubiquitination can either alter the protein function or often direct protein to irreversible type of regulation through UPS-mediated degradation of protein. Posttranslational regulation of BMI1 is not significantly characterized. BMI1 is reported to be modified by several factors in context-and lineage-dependent manner. CBX4 triggers BMI1 sumoylation at lysine 88 during DNA damage to trigger its recruitment at damaged site. 45 BMI1 is phosphorylated by several kinases in a context-dependent manner for different physiological consequences. Phosphorylation of BMI1 by 3pk (MAPKAP kinase 3), an intermediate member of MAPK signaling pathway, regulates the dynamics of BMI1 dissociation with chromatin and thus controls BMI1-driven repression program for the regulation of differentiation and developmental processes. 46 Furthermore, AKT kinase phosphorylates BMI1 and increases its oncogenic potential in prostate cancer in an Ink4a/Arf independent manner. 47 On the contrary, BMI1 phosphorylation at S361 by AKT triggers its dissociation from chromatin, thus hindering its oncogenic activity. 48 BMI1 is also regulated at posttranslational level by ubiquitin proteasome systemmediated protein degradation. Our studies have shown that BMI1 C-terminal PS domain is critical for BMI1 stability and within this region a consensus motif DSGSDKANS is recognized by an E3 ligase β-TrCP, which regulate BMI1 protein turnover and consequent oncogenic activity. 49 Increased stability of BMI1 triggers EMT of mammary epithelial cells, leading to metastatic phenotype. 28 Interestingly, C-terminal PS domain deletion mutant of BMI1 seems to be more stable and oncogenic than BMI1 mutant that cannot be recognized by β-TrCP, suggesting plausible role of yet other unidentified E3 ligase(s) in BMI1 degradation and consequent modulation of downstream signaling.
BMI1 Role in Cellular Physiology
Through repression of target gene expression in a lineageand context-dependent manner, BMI1 regulates a myriad of cellular processes critical for cell growth, cell fate decision, development, senescence, aging, DNA damage repair, apoptosis, and self-renewal of stem cells (Fig. 2) .
50 BMI1-knockout mice exhibited more than 50% of survival by third day after birth and those that survived showed skeletal/spinal growth defects, reduced density in cerebellum and neural layers, including other neurological abnormalities, and importantly hematopoietic abnormalities. 51 The most studied and validated BMI1 target is Ink4a/Arf locus, which encodes three tumor suppressor: p16Ink4a, p14Arf, and p19Arf.
Functional inactivation of BMI1 frequently promotes senescence (a cellular state in which cell ceases to proliferate and eventually die) with loss of G1 to S phase transition during cell cycle, majorly attributed to the derepression of the Ink4a/ Arf locus. Hyperactivation of BMI1 bypasses cellular senescence and consequently promotes tumorigenesis by promoting cell cycle progression through repression of cell cycle checkpoint p16 and p21. Additionally, BMI1-mediate repression of p19, which otherwise induces p53 and impairs cell cycle arrest and apoptosis. Thus, collectively BMI1 regulates p53-pRb axis through repression of Ink4a/Arf locus, which has been described as the principle barrier to the initiation and maintenance of neoplastic transformation. Hyperactivation of BMI1, through various mechanisms, bypasses this barrier, promoting cellular transformation. Bmi1 also plays a critical role in preventing oxidative DNA damage and in preventing DNA damage response pathways. BMI1 and RING2 are recruited at the side of DNA double strand breaks (DSBs) and contribute to the ubiquitination of y-H2AX. BMI1 loss hinders recruitment of DNA repair machinery components, including 53BP1, BRCA1, and RAP89, at the site of DSBs and impairs homologous recombination causing accumulation of cells in G2M phase. Many cancer chemo and radiotherapies rely on DNA-damage-mediated cellular toxicity. Hence, increased expression or activity of BMI1 may also serve as a biomarker of resistance to DNA-damaging therapy. [52] [53] [54] Apart from repression of Ink4a/Arf locus and DNA damage repair mechanisms, BMI1 also targets several other loci and controls myriad of cellular processes leading to oncogenesis of various lineages of cell. 50, 55, 56 
BMI1 Role as a Biomarker of Cancer
BMI1 plays a significant role in several critical cellular processes, which when go awry lead to cancer progression. BMI1 is dysregulated in several types of cancer and overexpressed in several lineage of cancer stem cells. 50, [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] Due to its role in several cellular processes critical for normal cellular physiology and its frequent dysregulation in various types of cancer, BMI1 expression and hyperactivation have been considered as a biomarker for several types of cancer. This review addresses the involvement of BMI1 in several types of hematologic malignancies and its prospects as a biomarker and therapeutic target.
BMI1 Dysregulations in Hematologic Malignancies
The bone marrow produces blood stem cells (immature cells) that mature into blood cells over time while undergoing several rounds of differentiation. A blood stem cell may mature either into myeloid progenitor cell or into lymphoid progenitor cell. The lymphoid progenitor cell may further differentiate into lymphoblast cell that eventually form B-lymphocyte, T-lymphocyte, or natural killer cells. A myeloid progenitor cell differentiates into red blood cell, platelets, or white blood cells. Clonal proliferation of these cells at the level of stem, progenitor, and their different maturation stages due to aberrant signaling cues are responsible for evolution and propagation of hematologic malignancies. Similar to several other forms of cancer, BMI1 is also implicated in the uncontrolled proliferation of hematopoietic cells, self-renewal of hematopoietic stem cell and cancer stem cell, leading to malignant transformation. In fact, BMI1 deficiency compromises hematopoietic stem cell function, and it is indispensable for normal and leukemic stem and progenitor cell self-renewal. 70, 71 However, the role of BMI1, exploitation of its dysregulation as biomarker and therapeutic prospect of targeting BMI1 in various types of hematologic malignancies, has not been extensively discussed in the literature. The expression and activity of BMI1 in hematologic malignancies are regulated by several different mechanisms and can be utilized both as a biomarker and a therapeutic target.
BMI1 and Myeloid Malignancies
Myelodysplastic syndrome. Myelodysplastic syndrome (MDS) is a group of bone marrow disease with ineffective hematopoiesis and increased apoptosis of early and mature hematopoietic cells. The disease is very heterogeneous, and the prognosis is highly variable. MDS is highly susceptible for the transformation into acute myeloid leukemia or AML. 72 Identification of biomarker for MDS is critical for early diagnosis and prognosis. BMI1 is a stem cell self-renewal marker of multiple lineages of stem cells, and since MDS is a disease of stem, progenitor, and blast cells, BMI1-associated abnormalities were investigated in MDS patient samples. In a study of 51 MDS and MDS-AML patients, high expression of BMI1 was observed in blast cell population and their variants with potential for transformation as compared to control. Particularly, higher positivity of BMI1 was reported in refractory anemia with excess blasts (RAEB), RAEB in transformation, and MDS-acute myeloid leukemia (MDS-AML) as compared to refractory anemia (RA) and RA with ringed sideroblast (RARS) cells. BMI1 has also been reported to prevent apoptosis in MDS-l. According to several emerging independent studies, it seems possible to stratify MDS population based on BMI1 expression level, and BMI1 expression might serve as biomarker for MDS prognosis. 73, 74 Acute myeloid leukemia. AML is also called acute myelocytic leukemia, acute myelogenous leukemia, acute nonlymphocytic leukemia, or acute granulocytic leukemia. It is also a cancer of myeloid line of blood cells. In this disease, patients have too many immature white blood cells in bone marrow, which are not able to undergo maturation. Several studies confirm the high expression of BMI1 in AML patients, which may contribute to leukemogenesis and unfavorable prognosis. 75, 76 A study performed with 64 AML patients corroborates the prognostic value of BMI1 in this disease. According to the findings from the study, patients with lower BMI1 positivity (#55%, n = 33) had significantly longer overall survival (OS), cancer-specific survival (CSS), relapse free survival (RFS) and remission duration (RD) as compared to the patients harboring higher BMI1 levels ($55%, n = 31). Furthermore, among the patients with secondary AML (n = 18), low BMI1 expression (n = 8) correlated with better OS and among patients with de novo AML (n = 46), and lower expression of BMI1 correlated with significantly higher OS, CSS, RFS, and RD. 77 Another independent study published in the 56th American Society of Hematology conference reported prognostic value of BMI1 expression in 511 newly diagnosed AML patients. 78 This study suggests that BMI1 expression was higher in AML with unfavorable cytogenetics (n = 252) compared to intermediate (n = 225) or favorable cytogenetics (n = 34). Higher BMI1 levels were associated with shorter median overall survival (OS). Furthermore, BMI1 inhibition by pharmacologic approaches triggered cytotoxicity in AML and acute lymphoid leukemia (ALL) cells by inducing apoptosis, suggesting that targeting BMI1 activity might be of therapeutic advantage for AML. BMI1 repression in human AML CD34+ cells de-represses p16Ink4a and p14Arf tumor suppressor and impairs their selfrenewal capacity in culture. All these independent studies corroborate that expression of BMI1 is an independent biomarker, prognostic factor, and therapeutic target for AML.
Chronic myeloid leukemia. Chronic myeloid leukemia (CML) also known as chronic myelogenous leukemia is a disease of mature white blood cells, which mostly affects adults and is rarely seen in children. Average onset occurs around 60 years of age. CML undergo several stages of development starting from chronic phase to accelerated phase (and further to blast crisis). 79, 80 The disease is characterized by a balanced genetic translocation, t(9;22)(q34;q11.2), leading to a fusion of the Abelson (ABL) oncogene with breakpoint cluster region (BCR) gene. [81] [82] [83] This fusion, also known as the Philadelphia chromosome, results into a chimeric oncoprotein Bcr-Abl, a constitutively active tyrosine kinase responsible for growth promoting cellular signaling. Despite a consistent molecular abnormality of Bcr-Abl fusion, CML exhibits marked heterogeneity in disease prognosis. Bcr-Abl collaborates with BMI1 for the leukemic transformation of CD34+ B-cells. 75, 84, 85 BMI1 has previously been reported to cooperate with other oncogenes to induce malignant transformations and its overexpression contributes to disease aggressiveness. 73, 86, 87 Hence, from conceptual standpoint, BMI1 might serve as another biomarker for CML transformation. Several independent studies corroborate that BMI1 expression was significantly higher in AML and CML patients as compared to healthy donors. 84, 85 Kaplan-Meier analysis on these samples exhibits strong association between relative BMI1 overexpression and significantly shorter OS and DFS. Interestingly, myriad of mechanisms contributes to BMI1 overexpression and ensuing downstream signaling to promote CML progression. E2F1 transcription factor, a direct positive regulator of BMI1, was also reported to be overexpressed in CML patient samples. Furthermore, this study reported an inverse correlation between BMI1 low expression and PR3 (proteinase-3, an independent prognostic marker of CML) high expression, which was associated with OS of CML patients. 84 BMI1 prevents autophagy of CML cells by directly silencing tumor suppressor CCNG2/cyclin G2 and Ink4a/Arf locus along with regulating several differentiation makers including B-lymphoid differentiation genes p16, Ebf1, Pax5, and Ikzf1, to promote CML disease progression. 75, 88, 89 Among CML patients, BMI1 expression was relatively lower in chronic phase as compared to advanced disease stages, such as accelerated or blastic CML. These relative expression data suggest that BMI1 overexpression contributes to disease aggressiveness and can be utilized as a biomarker of prognostic value to monitor CML progression at advanced stages. 84, 85 
BMI1 and Lymphoid Malignancies
Acute lymphoblastic leukemia. Acute lymphoblastic leukemia (ALL) is the most common cancer among children. 90 In ALL, the malignant transformation of lymphoid progenitor cell result into either B-cell lineage of ALL (B-ALL) or T-cell lineage of ALL (T-ALL). B-ALL contribute major fraction of ALL population. Being epigenetic modulator and stem cell self-renewal marker, BMI1 can further reprogram and transform CML B-lymphoid progenitors into leukemia initiating cells, leading to B-lymphoid leukemia (B-ALL) in vivo. However, survival of such leukemic B-lymphoid progenitors significantly depends upon Bcr-Abl fusion, suggesting a functional synergism between these two molecular markers of CML for disease progression. 89 Further, whole exome sequencing identified BMI1 mutation in early T-cell precursor-ALL and overexpressed in CALM-AF10+ T-ALL (clathrin-assembly protein-like lymphoid-Myeloid leukemia gene to AF10), respectively, suggesting its role in T-cell lineage of ALL as well. 91, 92 Thus, emerging evidences are tempting to speculate that BMI1 may serve as biomarker for diagnosis and evolution of ALL disease of B-cell and T-cell origin and suggest a need for detail analysis in this regard using large cohort of ALL clinical samples.
Chronic lymphocytic leukemia. Chronic lymphocytic leukemia (CLL) is a clonal lymphoproliferative disorder characterized by immunophenotype of CD19+ CD5+ CD23+ peripheral lymphocytes weakly expressing CD20 and CD79b, and surface immunoglobulin (sIg). 93 It is a slow growing B-cell malignancy with highly variable clinical course and hence, there is a need for the identification of novel molecular biomarker of this disease. In CLL, BMI1 is recurrently targeted by chromosomal rearrangement involving a novel t(10;14)(p12;q32)/IgH-BMI1 and its IG variants. The rearrangement of IGH-BMI1 was validated by FISH using probes centromeric to IGH and telomeric to BMI1. The median survival of CLL patients with t(10;14)(p12;q32) was 8.5 months, suggesting an aggressive behavior of the translocation. These aberrations were consistently acquired during disease progression; high-grade transformation of leukemia (Richter syndrome) exhibited a gain-of-function, and thus, BMI1 translocation can be utilized as biomarker for CLL with aggressive phenotype.
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Mantle cell lymphoma. Mantle cell lymphoma (MCL) is an indolent CD5+ lymphoma of naïve pre-germinal center B-cell, which is mostly characterized by t(11;14)(q13;q32) translocation, leading to dysregulation of cyclin D 1. [95] [96] [97] Additionally, several other genomic alterations were identified in MCL leading to dysregulation of BMI1. The BMI1 expression pattern in normal hematopoietic cells is tightly regulated along the progressive stages of cellular differentiation, and accordingly, B-cell lymphomas also in part maintain this pattern of expression profile, such as MCL and CLL. These neoplasms derived from naïve pre-germinal center cells exhibit high expression levels of BMI1 as compared with follicular germinal center-derived follicular lymphoma (FL) and LCL. 98 FISH and SNP array analyses of BMI1 in MCL exhibited abnormal hybridization pattern and structural abnormalities involving wide range of genes. The abnormalities identified in 17 cases were heterogeneous including reciprocal and nonreciprocal translocations, deletions, and insertions, constituting complex karyotypes. However, unlike CLL, these aberrations did not involve Ig loci. 94 In another study, it was observed that BMI1 expression was significantly higher in MCL clinical specimen and further increased in MCL side population (SP) in patient samples and MCL cell lines as compared with CD5+ B-cell. MCL SP exhibits clonogenicity as well as self-renewal capacity and downregulates proapoptotic genes, BCL2L11/ Bim and PMAIP1/Noxa, via increased BMI1 expression and activity. The increased BMI1 expression in MCL SP was more dramatic at the time of recurrence than at initial diagnosis. 99 The high and aberrant expression of BMI1 in MCL and its SP is associated with poor prognosis and may contribute to pathogenesis of the disease. Hence, BMI1 expression may serve as biomarker for diagnosis, prognosis, and potential therapeutic target for treatment of aggressive form of MCL.
Diffuse large B-cell lymphoma. Diffuse large B-cell lymphoma (DLBCL) is the most common form of non-Hodgkin lymphoma (NHL) in the adult population, representing approximately 30%-40% of all NHLs, and accounting for more than 80% cases of aggressive lymphomas in the world. DLBCL is a heterogeneous group of B-cell lymphoma with different genetic backgrounds, morphologic features, and responses to therapy. Gene expression profiling and immunohistochemical studies can allow further subgrouping of DLBCL into different subtypes, including germinal center B-cell-like (GCB) DLBCL, activated B-cell-like (ABC) DLBCL, and primary mediastinal large B-cell lymphoma (PML-BCL). Despite recent improvements, DLBCL still represents a major clinical challenge due to the heterogeneous nature of the disease and a substantial proportion of patient's still experience poor outcome. 100 Hence, better understanding of germinal center-derived lymphoma biology and identification of novel molecular biomarker and targets are crucial for the improvement of the current therapeutic options. Targeted expression profiling in B-cell lymphoma suggests that BMI1 is preferentially expressed in B-cell lymphoma with aggressive phenotype, including DLBCL, Burkitt's lymphoma, and MCL. 101 In DLBCL, BMI1 expression is also a predictive biomarker to distinguish GCB type versus ABC type, and its expression is associated with unfavorable clinical outcome in primary nodal DLBCL. 102 These studies indicate the possible role of BMI1 in DLBCL and need for further validation using a large cohort of DLBCL clinical samples for BMI1 expression as a biomarker of this heterogeneous disease.
Multiple myeloma. Multiple myeloma (MM) is one of the most common hematologic malignancy that accounts for ~13% of all hematologic malignancies and 1% of overall cancer. 103 It is a terminally differentiated neoplasm of immunoglobulin producing plasma cells (PCs). In vitro and in vivo studies suggest that BMI1 is critical for the maintenance of transformed phenotype of MM. RNA interferencemediated silencing of BMI1 in MM cell line RPMI-8226 triggered apoptosis and increased production of apoptotic marker cleaved caspase 3. 104 However, BMI1 profiling and genetic analysis in MM patient sample is required to implicate it as potential biomarker and therapeutic target for this disease.
T-cell lymphoma. T-cell lymphoma is a diverse group of lymphoproliferative disorder of T-cell origin. Frequently BMI1 overexpression has been associated with T-cell lymhomagenesis through various mechanisms. 105 Often, downregulation of miRNA) that specifically targets BMI1 expression is implicated in T-cell lymphomagenesis. For instance, miRNA 16, a specific regulator of BMI1, is downregulated in primary cutaneous T-cell lymphoma (CTCL). 106 Similarly, downregulation of miRNA 200c that represses BMI1 expression has been associated with split radiation-induced thymic lymphoma (RITL). 107 Downregulation of miRNA-200c or upregulation of BMI1 can be a prognostic biomarker of RITL. BMI1 is overexpressed in cutaneous T-cell lymphoma, particularly sezary syndrome. 108 Our studies further support this finding showing recurrent copy number gain of BMI1 in sezary syndrome. However, this finding needs further detail functional validation. 109 These independent studies implicate the role of BMI1 in various types of T-cell lymphoma and require detailed clinical evaluations to establish whether BMI1 levels/ activity can be exploited as a biomarker for T-cell lymphoma.
Conclusion and Future Perspectives
BMI1 deregulation has been associated with evolution and progression of several types of cancer mostly by providing proliferative advantage to transformed cells through various mechanisms. This review elucidates BMI1 abnormalities identified in hematologic malignancies and their implication in disease progression, early diagnosis, prognostic evaluations, and therapeutic targeting. In summary, discussed studies collectively provide new insight into molecular mechanisms underlying aberrant overexpression of BMI1 as potential contributor to the pathogenesis of hematologic malignancies. BMI1 deregulations are associated with hematologic malignancies of stem, progenitor, mature, and even terminally differentiated cells. Therefore, it becomes important to comprehensively examine the role of BMI1 in other hematologic malignancies that are not yet associated with its deregulations. Since, BMI1 does not possess its own enzymatic activity, the challenge in future lies in development of pharmacological modulator that specifically targets BMI1 expression and activity. Targeting BMI1 activity might offer more curative success for the hematologic malignancies associated with its aberrant activity.
